In receptor editing, a phenomenon that has recently come to light and into favor, a rearranged VDJ or VJ gene segment encoding a variable region of an Ig chain is replaced by another. In this commentary, the molecular mechanisms involved in the editing process are examined in some detail. Editing is most likely mediated by the same V(D)J recombinase activity responsible for the formation of the original VDJ or VJ segment. An embedded heptamer, which is present near the 3Ј end of many V H elements, is used as the recombination signal sequence at the Ig heavy chain locus. It has been postulated that the mediation of receptor editing is the evolutionary force maintaining the embedded heptamer. Some of the evidence for and against this hypothesis is discussed.
Introduction
In the past few years a number of studies have definitively demonstrated editing of a pre-existing B cell receptor; the variable region gene segments of both the light (L) chain and heavy (H) chain can be changed and replaced by a new functional B cell receptor. The majority of the evidence comes from systems in which a preformed VDJ H or VJ L is replaced by another. Receptor editing has seized the interest of immunologists because it provides a mechanism for the deletion of a self-reactive B cell receptor while salvaging the B cell. It offers an explanation for the escape from death or anergy of a cohort of cells bearing a receptor for a selfantigen. Current research on receptor editing is providing novel insights into molecular mechanisms generating antigen receptor diversity and pathways leading to B cell tolerance.
While the raison d'etre of the immune system is to respond to foreign antigens, it is equally important that there be no response to self-antigens. The primary burden of ensuring tolerance is borne by T cells, requiring that antigen be recognized in the context self MHC. Indeed, it was not all that long ago that it could be argued that there was no such thing as B cell tolerance. Some facts supporting this view were: (i) T cells arise in a special organ, the thymus, where they are 'educated' to recognize self from non-self, (ii) small numbers of B cells reactive for self-antigens can be demon- 24 October 1997 strated in normal mice and (iii) large numbers of self-reactive B cells can be generated if mice are immunized with a selfprotein altered by chemical coupling or otherwise to contain foreign epitopes (1, 2) . The T cells responding to the foreign epitopes deliver help for the anti-self B cells. This line of argumentation was brought to an abrupt end by results with transgenic mice expressing preformed, rearranged Ig genes. In the absence of the cognate antigen, most B cells expressed transgenic Ig, but in the presence of the cognate antigen, this was not so (3) (4) (5) (6) (7) (8) (9) (10) . When the cognate antigen was expressed on the cell surface, there were few B cells expressing transgenic Ig. When the cognate antigen was a soluble foreign protein, large numbers of B cells expressed transgenic Ig, but they were not activable, i.e. they were 'anergic'. This is clearly B cell tolerance.
Perhaps the receptors on anergic B cells could be 'edited' so that they no longer recognize self-epitopes. That is, the anergic cells might be recycled rather than destroyed. Credence to this concept came from results with transgenic mice made by targeted homologous recombination in embryonic stem (ES) cells. Specifically, the stretch of DNA encompassing the J H segments was replaced by a preformed VDJ segment encoding the H chain variable region. In these 'knock-in' mice, unlike standard transgenics, the preformed VDJ segment is in a genetic neighborhood resembling (though not identical to) that of the newly formed VDJs of normal mice. Upstream are all the V (and D) elements, so it is in principle possible for these mice to genetically alter the preformed VDJ. Indeed, what is in principle possible was readily demonstrable in the VDJ knock-in mice (11) (12) (13) (14) . Interestingly, receptor editing occurred irrespective of whether the specificity of the knocked-in receptor was anti-self or not (14) . Thus it is arguably the pressure to diversify the B cell repertoire that increases the frequency of B cells with edited receptors in these mice, not the anti-self phenotype per se.
In the remainder of this paper, we shall deal only in passing with system-level issues (e.g. given the high rate of generation of new B cells, why should the immune system bother to recycle anti-self cells?) and with cellular issues (e.g. what signals tell a B cell to edit its receptor genes?). Some of these issues are discussed by Radic and Zouali (15) . Instead, we shall focus on the molecular events involved in V gene replacement, which is the genetic mechanism by which an already rearranged VDJ segment is altered in the editing process and which until recently had been described only in B cell lines.
V gene replacement
Before discussing V gene replacement, we need to recall a few features of V(D)J recombination. For more information, see the reviews of (16) (17) (18) . Site-specific V(D)J recombination is mediated by several proteins, two of which, RAG-1 and RAG-2, are essential. Each of the DNA segments to be joined is flanked by a short signal motif, the recombination signal sequence (RSS). The consensus RSS is a conserved heptamer, 5Ј-CACAGTG, a spacer of either 12 or 23 bp and a conserved nonamer, ACAAAAACC-3Ј. On the other DNA strand (which is the way the sequences are referred to in the discussions below of the embedded heptamer), the consensus RSS is 5Ј-GGTTTTTGT 12/23 spacer CACTGTG-3Ј. V(D)J joining is governed by the so-called 12/23 spacer rule, i.e. joining only occurs between segments with RSS of differing spacer lengths. As every gene segment of a particular type (e.g. all V elements) is associated with an RSS of a particular spacer length, the joining of elements of the same type is prohibited, e.g. V-V recombination has not been observed
At the H chain locus, it takes two discrete rearrangements to generate a V H DJ H segment. When a D is joined to a J H element, all Ds downstream of the one chosen are generally deleted; when the resulting DJ H is joined to a V H element, all Ds upstream of the one chosen are generally deleted. A diagram of the two consecutive rearrangements at the H chain locus is shown in Fig. 1(A) . The net result is that there are no D gene segments remaining to undergo a replacement rearrangement. In addition, the 12/23 spacer rule ensures that the remaining V segments (23 bp spacers) cannot recombine efficiently with any remaining J segments (also 23 bp spacers). Although DJ joining almost always occurs before VD joining, note that the apparent impossibility of a replacement rearrangement at the H chain locus does not depend upon the order of the two primary rearrangements.
After the initial V to J rearrangement at the κ L chain locus, there usually remain upstream V κ s and downstream J κ s, and these can serve as substrates for the V(D)J recombinase to generate another completely different, yet functionally rearranged V κ J κ gene segment. A diagram of the two consecutive rearrangements at the κ chain locus is shown in Fig. 1(B) . However, in the normal course of events, both rearrangements at the H chain locus take place before rearrangement at the κ chain locus. Upon the appearance of a productive κ chain (or λ chain), V(D)J recombination ceases and replacement rearrangement becomes impossible. Thus, it seems as if the immune system was designed to prevent V gene replacement, or at least not to make it too easy. So, how can the same V(D)J recombination mechanism fully or partially replace one already rearranged V(D)J segment with another? Clearly, the RAG genes must be reactivated (19, 20) and the Ig loci must be accessible to the RAG gene products. Indeed, expression of the recombinase genes, RAG-1, and RAG-2, has been detected in a subset of germinal center B cells bearing an immature phenotype (19, 20) , suggesting that V gene replacement may occur in later developmental stages as well as in earlier stages in the bone marrow. That may resolve the question for the κ chain locus. Not so obviously, it also answers the question for the H chain locus, at least for those V gene segments possessing an embedded heptamer.
The embedded heptamer
Prototypic V(D)J recombination requires RSS (reviewed in 18) . Natural RSS differ considerably from each other except in the three nucleotides adjacent to the coding end, which must be 5ЈGTG sequences. RSS that differ from the consensus in any positions other than these three nucleotides of the heptamer still mediate V(D)J recombination, albeit at lower frequencies; changes of a single nucleotide can result in reductions of up to 100-fold (21) (22) (23) . The embedded heptamer contains the 5Ј coding CACA... sequence required for recombination, although in the opposite orientation, i.e. ...TGTG coding (diagrammed in Fig. 2) (24-26) . It does not contain a recognizable nonamer 12 or 23 bp from the heptamer, a circumstance that led Weigert to suggest that it has a different sort of nonamer (TCTGAGGAC) specific for V gene replacements (13) .
Ig structural requirements preclude variable region domains that are too long or too short or that lack key amino acids. The embedded heptamer is found near the 3Ј end of the majority of V H segments. Were another V H segment to be inserted at that location, the Ig domain structure would still be maintained; this is not true for any other location. Indeed, in cell lines where V gene replacement has been identified, the rearranged V H DJ H segments could have only been generated by a recombination event utilizing the embedded heptamer. While the DJ H junction of a pre-existing, fully assembled V H DJ H segment was retained, the primary V H element was replaced with a new V H element at the site of the embedded heptamer (24) (25) (26) .
GTG is also present at several other positions in V H gene segments. Indeed, by chance alone GTG ought to be present 6 times in a random 400 bp sequence. Are any of these other GTG-containing sequences functional in V gene replacement? Many studies indicate that GTG in other contexts is functional in V(D)J recombination, but because of the structural constraints, 'the' embedded heptamer is probably the only one that allows functional Ig after V gene replacement.
Not only is the embedded heptamer in the right place for V gene replacement, it also encodes a Cys residue required for domain structure and the intra-chain disulfide bond characteristic of the Ig superfamily domain (Fig. 3) . In a V domain of the Ig superfamily β folds A-F are joined by an intra-chain disulfide bond linking the Cys in the B β sheet and the Cys in the F β sheet (Fig. 3) , which is encoded by part of the embedded heptamer. Cys codons are either TGC or TGT. Thus, when the codon is TGT and when the codon following it begins with a G (i.e. Val, Ala, Asp, Glu or Gly), the four most important residues of the V(D)J RSS heptamer (TGTG) are present. This Cys is present in essentially all Ig superfamily protein chains and its codon usage is conserved. The overall codon usage of Cys in the genome is about equal; TGT and TGC are used 11 and 13 times respectively per 1000 codons in mice (28) . In the F β sheet of Ig chains,~80% of the Cys residues are encoded by TGT (29) .
Conservation of ...TGTG/coding
Among the amino acid and nucleotide sequences listed by Kabat et al. (29) the embedded heptamer is common in Fig. 3 . Location of the sequences encoded by the embedded heptamer within the F β sheet of the Ig gene superfamily structure.
mouse V H gene segments. Of over 1400 entries, only 13% could not have come from a gene segment containing the crucial GTG of the embedded heptamer. Interestingly, in subgroup IIIC, only 11% (four out of 35) of V H s might contain the embedded heptamer. In addition, the embedded heptamer is present in 80% or more of the V H gene segments of other species including lower invertebrates such as sharks and frogs (N Ͼ 500) (29) .
The embedded heptamer is also present in other Ig genes. About 10% of the V κ gene segments of all species contain it (N Ͼ 500), all of the V λ segments of the chicken, mouse and rabbit contain it, but it is rare in human V λ segments (N Ͻ 100). It is also common in TCR loci (N Ͼ 200).
However, the embedded heptamer is also widespread in Ig superfamily genes that do not engage in V(D)J recombination. Some of these genes are expressed in cells in which V(D)J recombinase is active and thus in which they would be exposed to the recombinase machinery during development: CD4 (ATCTGTG) (30), Thy-1 (TTTTGTG) (31) and a number of the Ig domains of receptor tyrosine kinases (e.g. c-kit, CGCTGTG) (32) . Others are expressed in cells in which V(D)J recombinase is inactive: complement components, Schwann cell peripheral myelin genes (P-O) (ACATGTG) (33) and insect hemolin (ACTTGTG) (34) .
The information for this section of the paper was gathered in an attempt to determine why the embedded heptamer has been conserved over the course of evolution: is it (i) because of the advantages conferred on the organism by being able to engage in V gene replacement, hence in receptor editing or (ii) because of its importance in H chain structure. We conclude that each of these explanations is plausible and they are by no means mutually exclusive.
Experimental evidence for the role the embedded heptamer in V gene replacement Early evidence for the role of the embedded heptamer in V gene replacement came from cell lines. With an integrated substrate containing a rearranged V H DJ H segment near a germline V H element, V gene replacement was mediated exclusively by the embedded heptamer even though the introduced DNA contained two other GTG sequences (35) . We note that the germline V H element was the same as that in the rearranged V H DJ H segment, a situation that would not exist normally, and homology might well have influenced the outcome, as it is known to do in normal V(D)J recombination (36) (37) (38) .
In another study, excised circular DNA resulting from secondary rearrangements was analyzed for the presence of the reciprocal product of those rearrangements (39) . In this case, however, the embedded heptamer was not used as frequently as other heptamer-like (GTG) sequences in the locus.
More definitive analyses of the role of the embedded heptamer in V gene replacement became possible with the generation of mice with productively rearranged V H DJ H segments knocked into their natural position at the H chain locus. In such mice, V gene replacement can be examined in a context close to that in the genome of normal mice.
There now exist at least four V H DJ H knock-ins (14, (40) (41) (42) (43) . V gene replacement was found in all mice, but the new V H was not predominantly inserted at the embedded heptamer, which appears to be a common site of insertion only when the assay system includes selection for a functional Ig protein.
In the mouse of Chen et al. (43) , the knocked-in VDJ encoded an autoreactive (anti-double-stranded DNA) H chain. B cells from this mouse were selected for functional Ig expression. In these B cells, functional VDJs were found to result from a V(D)J recombinase-mediated event between the embedded heptamer of the autoreactive V H DJ H and the RSS of another V H .
In two other V H DJ H VDJ knock-ins, autoreactivity was not an issue (14, 41, 42) . In the mouse of Taki et al., the knockedin VDJ was specific for the hapten PC, while in that of Cascalho et al., it was specific for the hapten NP. In both strains, V gene replacement was apparently RSS mediated, but the embedded heptamer was not preferentially used. Of 10 replacements analyzed in the Cascalho strain, two appeared to be mediated by the embedded heptamer while the other eight had undergone various sorts of rearrangements including VD into D or even into J. As only the final product can be analyzed, the identities of the actual recombination targets are not entirely certain. When the Taki strain was examined for replacements in cells where Ig expression had been lost, GTG sites throughout the knocked-in VDJ H were more frequently than the GTG of the embedded heptamer. We note, however, that the Taki knock-in had an unusually large number of GTG sites.
Additional and direct evidence for the necessity of the embedded heptamer for V gene replacement comes from the laboratory of Rajewsky using mice heterozygous for B1-8i and T15i VDJ knock-in alleles (40) . Of the many interesting findings with this mouse, only two are important for the present discussion: (i) in~7% of peripheral blood lymphocytes (PBL), the T15i idiotype was lost due to a D to VDJ or a VD to VDJ replacement at a GTG site, and (ii) the idiotype of the B1-8i transgene, which contains five instances of GTG but not the canonical embedded heptamer, was not lost in PBL.
Concluding remarks
It should be noted that the VDJ knock-in mice differ from normal mice in that the knocked-in VDJ segment replaces the stretch of DNA containing all four J H segments, while the stretch containing all the germline D segments remains. Thus, VDJ knock-ins utilizing J H 1, J H 2 or J H 3 will lack the three, two or one unrearranged J H elements that would have been present had the H chain locus been rearranged normally. While the missing J H s are probably of little consequence, the presence of unrearranged germline Ds does affect the results significantly. During B cell development there is the opportunity for primary rearrangements such as D to embedded heptamer and V H to D, as well as secondary rearrangements involving the knocked-in V H DJ H , i.e. V H to D/embedded heptamer and V H D to embedded heptamer. Presumably, this fact explains the high frequency of replacements in which V H D is inserted into the knocked-in V H DJ H .
Terminal deoxynucleotide transferase has only been found in bone marrow pre-B cells before the surface IgM-positive stage. Yet N additions are evident at many of the replacement junctions in the VDJ knock-in mice. Thus, it can be argued that these particular cells could not have been edited, i.e. their V genes were replaced before their Ig receptors could have been expressed and found wanting. Alternatively, receptor editing of V genes may be signaled early in B lineage development through the µ-surrogate light chain complex.
Thus, not everything observed in the VDJ knock-in mice is related to receptor editing. Nevertheless, they are an important model system for those interested in the mechanism of V(D)J recombination and receptor diversification. Moreover, the quibbles of the preceding two paragraphs should not be allowed to obscure that important fact that V gene replacement via the embedded heptamer is the only documented mechanism by which editing is possible at the Ig H chain locus.
